Optical trap assisted nanopatterning is a laser direct-write technique that uses an optically trapped microsphere as a near-field objective. The type of feature that one can create with this technique depends on several factors, one of which is the shape of the microbead. In this paper, we examine how the geometry of the bead affects the focus of the light through a combination of experiments and simulations. We realize nanopatterning using non-spherical dielectric particles to shape the light-material interaction. We model the resulting nanoscale features with a finite difference time domain simulation and obtain very good agreement with the experiments. This work opens the way to systematic engineering of the microparticle geometry in order to tailor the near-field focus to specific nanopatterning applications.
Introduction
Near-field optical lithography is capable of producing sub-100 nm features for an increasing number of applications in optics [1] , photonics [2] , nanofluidics [3] , biology [4] , semiconductor devices [5] , and other emerging areas. For example, microsphere-based techniques [6] [7] [8] [9] [10] [11] can focus light in the nanoscale region to generate patterns smaller than 100 nm. In these techniques, the particles have to be placed in close proximity to the surface to take advantage of the near-field evanescent waves. Once at the desired location, the particles are irradiated with a pulsed laser. The particles focus the light and create nanoscale features on the surface below. The smallest feature we have achieved is 100 nm [12] ; however, when coupled with multiphoton polymerization, features as small as 80 nm have been produced [13] . In practice, the particles can be self-assembled as a monolayer on the surface or optically trapped above the surface. Self-assembled particle arrays produce periodic structures over a large area, while optically trapped particles can be translated across the surface to directly write nanoscale patterns. The latter case is known as optical trap assisted nanopatterning (OTAN) [12, [14] [15] [16] [17] [18] . In OTAN, the particle is trapped by a Bessel beam, which has an almost zero gradient in the propagation direction, z. Therefore, the scattering force is constant along z and the position of the particle is set by the balance of the scattering force and the repulsion between the particle and the substrate [12, 19] . This effect offers the ability to position a particle within the near-field regime without active feedback control. Typically, the particle-substrate separation is set to a few tens of nanometers mainly by changing the power of the Bessel beam.
The near-field intensity enhancement depends on a number of parameters. For instance, the size of the particles is important. We have shown previously that different sphere sizes produce different nanoscale patterns [14] . The shape of the particles is another important parameter determining the near-field focus. Nanoscale bowties [20] , atomic force microscopy (AFM) tips [21] , or near-field scanning optical microscopy (NSOM) probes [22] are examples of shapes used to focus light below the diffraction limit. Although tuning of the shape of the particle offers great promise to control the near-field focus, this aspect has not been studied in the context of microsphere nanopatterning so far. In this paper, we investigate how non-spherical particles modulate the near-field focal length, optical intensity, and overall shape of the focal volume.
FDTD simulation
A home-made MATLAB finite difference time domain (FDTD) 3D model based on the Yee [23] algorithm is used to predict how the pulsed laser is focused by the particles. The absorption occurs only in the polyimide surface, which has an absorption depth of 500 nm. At the input surface, a linearly x-polarized and steady state beam of unit intensity is applied, which propagates normally to the substrate surface. All other boundaries of the domain use perfectly absorbing boundary conditions [24] . The domain is large enough to contain a particle and a polyimide surface. The number of cells in the domain is at least eight cells per wavelength and increases as the radius of curvature of the particle decreases. For instance, eight cells per wavelength are used for 4 µm particles, and this is increased to 12 cells per wavelength for 1.9 µm particles. The simulation time allows a wave to travel at least twice the length of the domain. The non-spherical particle is modeled by two overlapping spheres as shown in figure 1(b) . From the FDTD model, we calculate the enhancement factor, which is the time-averaged Poynting vector normalized by its magnitude at incidence. We extract and plot vertical, figure 2, or horizontal, figures 3 and 4, slices of the enhancement factor. We define the focal spot as the region where the intensity enhancement is maximum. 
Experiment
To validate our predictions, we generate patterns on a polyimide surface with several different dicolloid particles as shown in figure 1 (b). The particles are synthesized by the method of Sheu et al [25] . Briefly, uncrosslinked latex particles [26] are crosslinked and swollen with monomer. When the temperature is elevated during the reaction, part of the monomer is expelled from the crosslinked bead to form the second lobe. Polyimide films are prepared by spin coating polyimide solution on glass cover slips at 500 rpm for 10 s followed by 8000 rpm for 40 s, resulting in films about 3 µm thick. The films are baked at 150 • C for 30 min, and then 350 • C for 30 min. A 1-5 µl drop of diluted dicolloid particle solution [27] is pipetted onto the polyimide surface.
A sample cell is created by placing a gasket-shaped piece of double-sided tape on the polyimide surface and sealing the top with a glass coverslip. Finally, the sample cell is mounted on an XYZ piezoelectric translational stage. Figure 1(b) shows the experimental setup. A 1064 nm CW laser is shaped by an axicon to create a Bessel beam that is demagnified and sent through an objective to trap the dicolloid particle. The trapping power used for this study is in the range of 6-20 mW. A 355 nm pulsed laser (30 ns) is used to illuminate the trapped dicolloid particle, creating near-field focusing and locally modifying the surface below the particle. The pulsed laser fluence used is in the range of 1-4 mJ cm −2 .
Before the direct-write processing begins, the user moves the stage manually until a dicolloid particle is found and trapped in the central lobe of the Bessel beam. The particle A user-defined pattern is created using the piezo-stage to translate the sample beneath the optically trapped particle, while synchronously firing the pulsed laser. We monitor the process in situ using a camera and white light illumination.
After processing, the polyimide surface is rinsed with ethanol to remove any dicolloid or tape residue from the surface. Finally, the patterns are imaged by AFM.
Results and discussion
We first look at the predicted intensity enhancement of non-spherical particles using FDTD simulation. We use three parameters to define the dicolloid particle: D is the diameter of the top sphere, d is the diameter of the bottom sphere, and s is the intercenter spacing, as shown in figure 2 . We study dicolloid particles with D = 1.9 µm and show the dependence of the intercenter spacing, s, on the peak intensity. The first row shows a symmetric particle, where D = d = 1.9 µm at various intercenter spacings s. The second row shows an asymmetric particle, where d = 1.58 µm for the same set of s. When s is zero, the particle is reduced to a sphere, as shown in figure 2 (upper left) . In the case of a sphere, the focal distance of the particle is fixed and typically ranges from nm to µm depending on the radius of the particle [12] . As the intercenter spacing increases, the location of the highest intensity shifts toward the bottom of the particle. At the same time, the intensity enhancement increases from 60 for the sphere to 90 for s = 1.0 µm and d = 1.9 µm. Ultimately, at this spacing, the focal spot falls within the particle, which is not desirable for nanopatterning. The case of d = 1.58 µm follows a similar trend. The ability to shift the position of the highest intensity of the dicolloid particle by engineering the intercenter spacing, s, enables one to tune the position of the focal spot to the particle-substrate separation distance, whether the particle is trapped above the substrate, like in OTAN, or attached to the substrate, for the case of self-assembled particle arrays.
We now compare the intensity enhancement predicted for a given particle with patterns realized experimentally with the same particle. To do this, we convert the predicted fluence to a surface morphology change by applying a two-level threshold that takes into account the material response to a given fluence. The intensity enhancement of a dicolloid particle is measured at the plane perpendicular to the propagation direction and located 50 nm below the bottom of the particle, which is the typical separation distance for our system [12] . The FDTD simulation produces a map of the incident fluence at the polyimide surface shown in the first row of figure 3 . For polyimide, a hump is formed when the surface is irradiated with a laser fluence in the range of 10-70 mJ cm −2 , and a hole is formed when the surface is irradiated with a laser fluence greater than 70 mJ cm −2 [28, 29] . The second row of figure 3 shows the result of this thresholding operation. Black corresponds to no change, gray to hump formation, and white to hole creation. Finally, we compare the predicted features with patterns generated on a polyimide surface, which are shown in figure 3 , third row, and their cross section profiles, fourth row.
First, we need to address the issue of the orientation of the dicolloid particle in the trap. Although there are many cases where non-spherical particles are trapped using a Gaussian beam [30] [31] [32] [33] [34] [35] [36] , in this case we have a Bessel beam trap. As mentioned in section 3, the 2D symmetry of the Bessel beam trap and dicolloid particle result in only two possible orientations for the particle: the larger sphere of the particle is either at the top or at the bottom. The camera image confirms that the particle is aligned vertically; however, we cannot distinguish from the image which orientation is taken by the particle, nor can we distinguish small perturbations from its vertical axis. To determine the up or down orientation, we simulate these two cases in the FDTD model and compare the two cases with AFM scanned data.
We first consider the orientation with the large lobe facing toward the substrate of the test particle (D = 3.33 µm, d = 4 µm, s = 0.89 µm) shown in (a-1). Here the predicted intensity profile shows a low intensity factor with a notable minimum in the center of the spot. This results in a surface profile that is flat in the center and surrounded by a broad bump. In the case of the large lobe facing away from the substrate, including (b-1)-(b-4), we see a characteristically different pattern with a large intensification factor in the center leading to a central bump surrounded by an outer ring. In comparing these two predicted surface features ((a-2) and (b-2)) to the experimental measurement, (b-3), it is evident that the preferred orientation is that of the large lobe facing away from the substrate.
We now choose dicolloid particles with three different geometries, as shown in figure 3 , to pattern features on the polyimide surface and compare with the FDTD model. When using the same particle as in figure 3 column (b) and increasing the laser fluence from 1.23 to 3.74 mJ cm −2 , we find that the predicted pattern shows a central ablation pit surrounded by a raised ridge. The central ablation pit is predicted since the intensification factor is about 31 and when combined with the incident laser fluence; the focused intensity exceeds the ablation threshold. The measured AFM pattern shown in (c-3) and (c-4) is in qualitative agreement with the model as there exists a central ablation pit surrounded by a raised ridge. However, the experimental data show some features that do not appear in the prediction. In particular, the ring surrounding the central hole is not azimuthally symmetric. We believe that these discrepancies are caused primarily by inhomogeneous incident laser intensity in our experimental setup. This is not accounted for in the current model, which assumes a spatially uniform incident intensity profile. If non-uniform illumination is used, it will cause more energy from the laser beam to be focused on one side than another, and such a case might result in an asymmetric feature. In figures 3(d-2) and (e-2), the simulation result shows raised mounds with a diameter that depends on the bead parameters and incident laser energy. The AFM images of the experiment follow below showing qualitatively similar patterns. As mentioned above, inhomogeneities in the laser illumination can account for the quantitative discrepancies.
The positioning accuracy of the trapped particle is affected by Brownian motion. Spherical particles fluctuate along three degrees of freedom (translation in x, y and z). However, due to their symmetry, dicolloidal particles have an additional two degrees of freedom, namely the tilting of the particle's main axis along the x and y directions. These fluctuations are typically small in amplitude but fast and one might expect that they could affect the feature symmetry. In order to estimate the influence of these fluctuations, we simulate one of the dicolloidal particles used in figure 3 column (b), but assume that it is tilted from 10 • to 25 • relative to the vertical axis as shown in the first row of figure 4. The second and third rows show the thresholded views of the first row and represent the predicted morphology on the plane based on the given incident laser fluence.
For the case of no tilt, the predictions are the same as the cases (b-2) and (c-2) in figure 3 , showing a central hump surrounded by a ring above the surface for a laser fluence of 1.23 mJ cm −2 , and a central hole surrounded by a ring above the surface for a laser fluence of 3.74 mJ cm −2 . As we increase the tilt angle from 10 • to 20 • , we notice that the patterns stay primarily unchanged. Eventually, as we increase the tilt angle above 20 • , we can now see relatively significant changes in the feature. Therefore, for small amplitude angular fluctuations, we would not expect our experiment to be able to resolve a difference. A more accurate model, which takes into account inhomogeneities and material parameters, such as the thermal diffusion length or pulse duration effect, could help to refine the prediction, improving the quantitative agreement with experimental data. However, the current results suggest that one can control the focal volume, which is the shape of the region in which the optical intensity is greater than the material threshold, by engineering the shape of a dicolloidal particle. This work will be of benefit to applications where such control is a desirable feature. One example is the application of the method presented in this paper to the combination of multiphoton polymerization with OTAN, in which a greater control of the shape and size of the deposited voxel (volume pixel) can be achieved [13] .
Summary
We have demonstrated the use of a self-positioned dicolloid particle as a near-field objective for the creation of nanoscale features on a polyimide surface using optical trap assisted nanopatterning (OTAN). The cylindrical symmetry of the Bessel beam trap enables one to vertically position the particle and orient it along a preferred axis, which opens an avenue to explore a wide range of geometry of objectives. We use FDTD modeling to simulate the intensity enhancement near the particle. The simulation suggests that the focal point of the particle depends on its geometry, which allows one to find an optimal focal distance for near-field patterning. Finally, the predicted features using the FDTD model agree well with the scanned AFM features, allowing one to rapidly predict features without resorting to further experiments. Together, this study suggests that the use of non-spherical particles in OTAN is a viable approach to further shape the light-material interaction. Although these results are obtained by OTAN, they apply to any microsphere-based nanopatterning technique, provided that one can control the orientation of the particle.
